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ABSTRACT

Although it is fairly established that Gravitational Instability (GI) should occur in the early

phases of the evolution of a protoplanetary disc, the fate of the clumps resulting from disc

fragmentation and their role in planet formation is still unclear. In the present study we

investigate semi-analytically their evolution following the contraction of a synthetic population

of clumps with varied initial structure and orbits coupled with the surrounding disc and the

central star. Our model is based on recently published state-of-the-art 3D collapse simulations

of clumps with varied thermodynamics. Various evolutionary mechanisms are taken into

account, and their effect is explored both individually and in combination with others: migration

and tidal disruption, mass accretion, gap opening and disc viscosity. It is found that, in

general, at least 50 per cent of the initial clumps survive tides, leaving behind potential gas

giant progenitors after ∼105 yr of evolution in the disc. The rest might either be disrupted or

produce super-Earths and other low-mass planets provided that a solid core can be assembled on

a sufficiently short time-scale, a possibility that we do not address in this paper. Extrapolating

to million year time-scales, all our surviving protoplanets would lead to close-in gas giants.

This outcome might in part reflect the limitations of the migration model adopted, and is

reminiscent of the analogous result found in core-accretion models in absence of fine-tuning

of the migration rate. Yet it suggests that a significant fraction of the clumps formed by GI

could be the precursors of Hot Jupiters.

Key words: planets and satellites: formation – protoplanetary discs.

1 IN T RO D U C T I O N

The study of planet formation has been boosted in the last decade

due to unprecedented observational campaigns of extrasolar plan-

ets enabled by new telescopes and techniques (see Lafrenière,

Jayawardhana & van Kerkwijk 2010; Borucki et al. 2011; Sumi

et al. 2011; Wright et al. 2012). The large diversity of physical

characteristics that these objects show (Ma & Ge 2013) leads to

the idea that there must be more then one mechanism to generate

them. Indeed, they are very different for mass, composition (from

rocky planets to gas giants), radii and position in the disc (from a

few fractions up to hundreds of au from the central star).

The state-of-the-art main formation scenarios are Core Accretion

(hereafter CA) and Gravitational Instability (hereafter GI; for a re-

view see Armitage 2010). While CA is generally recognized as the

mechanism by which most planets should form, and it is by con-

struction meant to form gas giants as well as rocky planets, GI has

received revived interest with the discovery of gas giants at large

⋆ E-mail: galva@physik.uzh.ch

distances from their parent stars (a > 30 au) since this is the region

where discs are likely undergoing fragmentation in the early stages

unless they are stabilized by strong irradiation (Boley 2009; Rafikov

2009; Zhu, Hartmann, Nelson & Gammie 2012). On the theoretical

side, GI, which has been traditionally restricted to explain gas gi-

ants (Boss 1997; Mayer et al. 2002), has been developed in a new

direction in the past few years as it has been recognized that Tidal

Downsizing coupled with accretion of solids and core formation

within gas clumps can in principle lead to Super-Earths and other

rocky planets (Boley et al. 2010; Nayakshin 2010). Furthermore,

recent work has shown that radial migration plays an important

role in GI as it is already known to play in CA (Baruteau, Meru &

Paardekooper 2011), possibly leading to planets at distances much

lower than those of their formation site. It is therefore clear that

the fate of clumps produced by GI depends on several mechanisms,

many of which the same that are also crucial in CA. While this

adds complexity, it is also the sign that GI has now become a much

more mature theory, within which predictions can now be made be-

yond the short time-scales probed by simulations (Zhu et al. 2012)

by combining analytical calculations of several processes, as it has

been done in CA for quite a few years (Alibert et al. 2005). Among

C© 2013 The Authors
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2910 M. Galvagni and L. Mayer

other processes that have been recently considered in GI studies,

there are the sedimentation of dust and core formation (Boley et al.

2010; Nayakshin 2010; Forgan & Rice 2013b). This potentially al-

lows us to start making predictions that can be verified or falsified

by observations, as it has been done now for a few years with CA,

and finally allows us to compare both formation theories on the

same ground.

Indeed, although the concept of GI as a giant planet formation

model has been around for a long time (Kuiper 1951), studies of the

long-term dynamical evolution of clumps formed in GI are just now

beginning to appear (Zhu et al. 2012). This is not the case of CA,

where studies of population synthesis models (Mordasini, Alibert

& Benz 2009) have been proposed over the past years, making it

possible to produce statistical expectation of the characteristics of

extrasolar planets formed via this mechanism.

While fully radiative 3D simulations are too expensive to allow

carrying out studies of clump evolution on long time-scales (Boley

et al. 2010), simpler 2D simulations with phenomenological cooling

prescriptions (Vorobyov 2013) have recently been used to study the

likelihood that fragments are the progenitors of the giant planets

and brown dwarfs that are detected at tens of au from the hosting

star (Marois et al. 2008; Kalas et al. 2008). These works find that

most of the clumps migrate inwards rapidly and are destroyed by

tides in the inner region of the disc before they can become full

fledged planets, leading to the conclusion that successful planet

formation by GI is a rare occurrence in general. However, these

simulations have low resolution (a few au with their grid size),

which likely leads to artificial clump disruption by tides at small

radii, an effect that is known to have plagued simulations of self-

gravitating collapse with non-adaptive grid techniques in other fields

of astrophysics, such as star formation and cosmological structure

formation (Durisen et al. 2007; Mayer & Gawryszczak 2008, for

effects of resolution on disc fragmentation in various numerical

techniques). Furthermore, no existing numerical simulation of self-

gravitating protoplanetary discs by either grid-based or SPH codes

has enough resolution to resolve the internal structure of the clumps

and allow studying properly their collapse. Clump collapse is crucial

since it will determine the response of the clumps to migration and

tides by affecting its density, mass and temperature, as shown by

analytical studies that focus on this process (Helled & Bodenheimer

2011; Vazan & Helled 2012).

In order to be able to make prediction of the characteristics that

a population of extrasolar planets formed via GI would present,

more accurate studies of the very early stage of clump formation

and evolution are needed. Indeed, the main question regarding GI

is: are the clumps that form going to survive the interaction with the

disc and hosting star, or will they be disrupted?

Fortunately, the first high-resolution 3D fully hydrodynamical

simulations of clump collapse have been performed (Galvagni et al.

2012, and Galvagni, Rogers & Mayer in preparation), adding a

new important step that goes in the direction of answering these

questions properly. The results of the published collapse simulations

constitute the backbone of this paper.

As a first approximation, we can divide the lifetime of a clump

into two parts: pre-dissociation and post-dissociation phase. It is

indeed known that, while a clump contracts, it will eventually reach

inner temperature and density high enough to dissociate molecular

hydrogen (Masunaga, Miyama & Inutsuka 1998). During this phase,

the gas behaves as if it were almost isothermal, with an effective

adiabatic index of 1.1. This is due to the fact that a fraction of the

thermal energy increased by gravitational collapse is used to break

the molecular bound and does not lead to an increase of temperature,

and as a result the pressure support is reduced. This leads to a fast

collapse that shrinks the clump into a more compact object. Once

the clump has undergone this process, it can be safety assumed to be

so compact that it would resist interaction with the disc and hosting

star, being then a real protoplanet.

Due to its much longer time-scale phase the key phase is thus

the first phase of the clump life: if it is able to reach the disso-

ciation of hydrogen (called second core collapse, hereafter SCC)

without being priorly disrupted, then we can assume that it is a real

protoplanet.

Nayakshin & Lodato (2012), Zhu et al. (2012), Forgan & Rice

(2013b) and Tsukamoto, Machida & Inutsuka (2013) recently pre-

sented first attempts towards a population synthesis model for GI,

by coupling the evolution of clumps during the first collapse phase

with their interaction in the disc.

However, none of these works relies on accurate clump collapse

simulations; rather it assumes a time-scale for the collapse in the first

phase or it computes that while assuming quasi-static collapse based

on the notion that the dynamical time is always much shorter than the

cooling time. However, detailed studies of clump collapse assuming

near hydrostatic equilibrium at all times obtain clump collapse time-

scales that are up to 2 orders of magnitude longer relative to those

found in the 3D hydro simulations. Since the relation between the

time-scale of the various processes involved is ultimately what will

decide the fate of the clumps (Nayakshin 2010; Boley, Helled &

Payne 2011; Zhu, Hartmann, Nelson & Gammie 2012), starting

from a self-consistent model of internal clump evolution becomes

a pivotal factor.

The aim of the study herein presented is to address the following

question: how many of the clumps formed via GI in a standard

circumstellar disc will survive to SCC? And what will be their

characteristics? The answer will give an estimate of how likely is

GI to be a valid mechanism for forming planets. Nevertheless, this

work does not represent a synthesis population model for GI, as

the final characteristics of the population of planets formed via this

mechanism still depend on the evolution that the clump undergoes

from SCC on. It is indeed expected that the evolution of clumps af-

ter SCC will be dominated by scattering, migration and dynamical

interactions between clumps and the hosting star. This late evolu-

tionary phase is therefore crucial in explaining the characteristics of

observed planets, such as the misalignment of Hot Jupiters (Ma &

Ge 2013). Indeed, it has been proposed that dynamical interactions

alone can be the origin of Hot Jupiters (Chatterjee et al. 2008).

A prediction of these quantities and features is therefore beyond

the scope of this work, and our results should be taken only as an

estimate of the final position and mass of the planets when SCC

happens, not of the final planet population.

The paper is organized as follow: the next section presents the

methods, with detailed explanation of the implementation of the dif-

ferent physical mechanisms taken into account. Section 3 presents

the results of our simulations, which are discussed in Section 4. The

conclusions are given in Section 5.

2 M E T H O D S

We consider the evolution of a set of clumps formed via GI inside

a disc, from the fragmentation of spiral arms to SCC. Since our

focus here is to study the fate of clumps provided that they form

by GI, rather than the conditions to form clumps by GI in discs,

we will not study the fragmentation phase of a Toomre-unstable

disc as done in e.g. Zhu et al. (2012), Forgan & Rice (2013b),

Tsukamoto et al. (2013). Instead, we will assume that clumps are
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Early evolution of clumps 2911

Table 1. Physical mechanisms implemented in different scenarios.

Migration+tidal disruption Mass accretion Gap opening Mass accretion during gap

Set A Yes No No No

Set B Yes Yes No No

Set C Yes Yes Yes Yes

Set C_m0 Yes Yes Yes No

already present and study their evolution under the combined action

of all the key mechanisms: collapse, migration, mass accretion and

tidal effects. As in all the semi-analytical works on the subject

so far, we will not include the effect of the dynamical interaction

between different clumps, which is known to take place in 3D

disc simulations, leading occasionally to clump–clump merging

and rendering their orbital dynamics more stochastic than expected

if only inward radial migration takes place (Boley et al. 2010; Zhu

et al. 2012). Therefore, in our model we are essentially considering

the simple situation in which there is one clump per disc and,

therefore, by generating a population of clumps as we will do,

we are following a population of protoplanetary discs in which

fragmentation has taken place. What fraction of the overall disc

population the latter population represents is beyond the scope of

this paper. Considering only one clump per time is a simplification

and is therefore a first step towards the development of a complete

population synthesis model for GI. 3D simulations, indeed, show

that usually the formation of a first clump in a GI unstable disc

triggers subsequent fragmentation of spiral modes, that leads to

the formation of three to four clumps per time (Kratter & Matzner

2006; Meru 2013; Forgan & Rice 2013a). However, 2D simulations,

which are less accurate than 3D simulations but can probe a larger

parameter space, show that in most cases clump–clump interactions

are not the dynamical dominant process (Zhu et al. 2012). Therefore

we do not expect this simplification to have a major impact on the

final results.

We generate a population of clumps in a random way (see Sec-

tion 2.1) and evolve each of them independently. Three different

scenarios are explored (see Table 1). In all the scenarios, clump

contraction, migration and tidal disruption are taken into account.

In Scenario B, mass accretion from the disc on to the clump is

added. Scenario C implements also a gap opening criteria. For each

scenario, different sets of simulations are run, changing the initial

conditions and exploring different gap opening implementations.

This study concentrates on the formation of gas giant planets;

we therefore neglect as a first approximation grains coagulation

and core formation. Due to this approximation, we are not able to

capture the formation of rocky planets through tidal downsizing.

The disc model and initial conditions are presented in Section 2.1;

all the phenomena implemented in the different scenarios are pre-

sented from Sections 2.2 to 2.5.

2.1 Disc model and Initial Conditions

In a protoplanetary disc self-gravitating clumps can form from the

fragmentation of spiral arms in Toomre unstable discs (Boss 1997;

Mayer et al. 2002). Recently, a new mechanism has been proposed

for the formation of these objects (Hopkins & Christiansen 2013)

based on turbulence-induced fragmentation in self-gravitating discs

occurring even when the disc is Toomre stable. We will not con-

sider this case, as it is a less likely occurrence and requires further

scrutiny. The focus is then on clumps which form from the frag-

mentation of spiral arms when Qmin < 1.4 (Durisen et al. 2007),

as found by a wide range of calculations. We also assume that a

disc self-regulates to a marginally stable steady state immediately

after fragmentation (Qmin = 1.7; see disc Q profiles in Fig. 1), ne-

glecting the possibility of recurrent fragmentation epochs sustained

by either disc mass loading or sudden opacity changes that shorten

the cooling time, since this would require following disc evolution

(Vorobyov & Basu 2009a). We emphasize once again that our model

is intentionally simple and errs in underestimating effects that would

favour clump formation and survival rather than the opposite (see

Summary/Discussion section on caveats).

Our starting point is thus the disc configuration soon after frag-

mentation. We generate two different sets of initial conditions. In

each case, the only quantities we need to specify for the clumps are:

initial semimajor axis a, mass clump Mclp and mass radius r.

Fragmentation is more likely in the early stage of the disc life-

time, when the disc is still quite massive due to gas accretion

from the environment and the star is still growing significantly

in mass via accretion, as in Class 1–2 phases (Machida, Inutsuka

& Matsumoto 2010; Eisner 2012). We therefore assume that the

Figure 1. Left: surface density profile of the circumstellar disc. Right: the Toomre parameter profile. The horizontal dashed line corresponds to the critical

fragmentation value Qcr = 1.7. Scales are logarithmic.
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2912 M. Galvagni and L. Mayer

star mass is Mstar = 0.6 M⊙ while the disc mass is 30 per cent

Mstar = 0.18 M⊙. According to the results in Lodato & Rice (2004)

and Forgan et al. (2011), this choice of disc mass allows us to safely

assume the angular momentum transport to be local and therefore

the viscosity of the disc can be parametrized via the dimensionless

α parameter (Shakura & Sunyaev 1973). The observational dissi-

pation time-scale for a circumstellar disc is of the order of Myr

(Haisch, Lada & Lada 2001), while the typical time-scales for the

evolution of clumps formed via GI is of the order of 105 yr (col-

lapsing and migrating time-scales; see the next sections). We can

therefore safely neglect the time evolution of the disc. Due to this

simplification, we can adopt a steady-state disc as our background

disc model, whose surface density profile � is given by the numer-

ical solution of the equation

∂

∂a

[

a1/2 ∂

∂a

(

ν�a1/2
)

]

= 0 (1)

as implied by the diffusion equation for a thin viscous disc in

Lynden-Bell & Pringle (1974) when assuming ∂�/∂t = 0. Fig. 1

shows the surface density and the Toomre parameter profiles ob-

tained.

In the above equation ν = ν0a is the viscosity of the gas. We

assume that the radius of the disc is 150 au, as found in simulations.

By fixing the total mass of the disc the ratio K/ν0 is determined,

where K is a constant of integration. Hence the viscosity remains a

free parameter if only the mass of the disc is specified.

In both sets, the initial semimajor axis a is assumed to be in the

region where the Toomre parameter is near the minimum, where

it is most likely that clumps have been formed (while the disc

profile adjusts as the disc self-regulates no large radial excursions

are seen in the location of the minimum Q as long as the physical

conditions in the disc do not change; see e.g. Mayer et al. 2004).

The determination of the region where Q is minimum is affected by

parameters such as the star and disc mass and the disc viscosity. At

the same time, it is unaffected by the disc radius. This parameter

indeed does not play a major role in determining the disc profile, as

the value of � in the outer part of the disc is small, and therefore

a large change in the value of the disc radius leads to a minor

redistribution of the mass and consequently to a small change in

the Toomre profile. The only case where the disc radius could play

a major role would be considering a compact disc, where typically

a < 60 au. However, this is not the case explored in the present

work, as GI would not be possible in this environment. As it can

be seen in Fig. 1, the latter region is between 80 and 120 au. In

the first set (hereafter IC) the initial mass Mclp and radius r of the

clumps are taken to match typical values found in GI simulations

(Boss 2011; Galvagni et al. 2012): r is taken in 1.0–6.0 au while

Mclp in the range 0.5–5.0 MJ. The mass range is consistent with

Boley et al. (2010), where it has been found that the typical mass

of a fragment is nearly an order of magnitude lower than the local

Toomre mass due to effects in the non-linear regime of GI. A second

set of more massive initial condition (hereafter ICM) is generated.

In ICM the clump mass is assumed to be in the range 5–12MJ and

the clump radius has been rescaled to 2–12 au in order to have a

similar initial density in the two sets of initial condition. This second

more massive set is meant to include, in a very first approximation

form, the possibility of multiple fragmentations followed by merges

between the clumps. It is indeed still unclear if the outcome of GI is

usually single or multiple clump formation. In the latter case, merges

between the clumps are expected, as they are massive (gravitational

focusing) and they form in a relatively small region. Moreover,

this second set of more massive clumps is consistent with the initial

conditions assumed in Vorobyov (2013) and Forgan & Rice (2013b),

or also with the masses of clumps formed in the earliest phases of

protostellar disc evolution soon in the first few 104 years following

the collapse of the molecular cloud core (Hayfield et al. 2011),

making comparisons with other works more feasible.

2.2 Clump contraction and migration

The fate of the clumps is determined from the competition between

contraction and tidal disruption due to the presence of the central

star, modulated by mass accretion and radial migration which affect

contraction and disruption. The contraction/collapse time-scale is

assumed to be the time to reach SCC, as it is known that when a

clump undergoes second core collapse its size shrinks and its density

increases by an order of magnitudes (Masunaga et al. 1998), making

it safe from tidal disruptions and therefore a real protoplanet. The

tidal disruption time-scale on the other hand will depend on the

migration time-scale of the clump, as it can be disrupted only if it

gets close enough to the star that its radius becomes large enough

that the outer part is no more gravitationally bounded to the clump.

In this work the contraction time-scale to reach SCC is assumed

to be the time to have the dissociation parameter1 in the inner

part of the clump of 1 per cent.2 We use the results presented in

Galvagni et al. (2012) to determine the contracting time-scale for

each clump. Galvagni et al. (2012) present 3D high-resolution study

of the collapse of a realistic clump formed via GI, taking into

account also its initial rotation and non-axisymmetric state. The

time-scales therein presented are therefore the more realistic ones

currently available. This work shows that when a clump forms from

the fragmentation of a spiral mode due to GI, it undergoes a quite

fast phase (of the order of a few dynamical times), where the initial

asymmetries lead to a redistribution of the angular momentum.

After this phase, the clump becomes spherical and its contraction

becomes constant, so that it becomes possible to extrapolate the

evolution of the inner density and temperature, and therefore the

contracting time-scale.

Due to the presence of this first unstable phase, the clumps we

generate as initial conditions are not the clumps that are formed

just after fragmentation of the spiral mode, but a few dynamical

times after that. In this way, it is possible to use in a confident way

the extrapolation results obtained in the previous paper. Postponing

the initial evolution time of the clumps leads to an uncertainty in the

position of the clump in the disc, as it still undergoes migration in the

very first phase we are neglecting. Nevertheless, as this neglected

phase is fast, and as there already is an uncertainty on the initial

semimajor position of the clump, we can safely assume that this

procedure does not affect our results. The main consequence of

neglecting this initial phase is that the initial temperature and density

of the clump have larger values that the ones usually observed in

simulations for clumps formed into spirals.

In order to perform a statistical study of the fate of clumps gener-

ated via GI, we need to generate a large population of realistic initial

clumps. The initial values of density and temperature are calculated

1 The dissociation parameter is defined as the ratio between protons in the

atomic form of hydrogen over the total number of protons in the gas.
2 SCC is a non linear effect, with a strong back feeding component. Indeed,

when dissociation of hydrogen starts, the fast collapse increases locally the

gas temperature, triggering dissociation in gas parts where it was still not

active. Dissociating parameter of 1 per cent is therefore a safe assumption

to consider all the clump in SCC phase.
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Early evolution of clumps 2913

Figure 2. Histograms of the initial conditions for the clumps in the set IC (on the top) and ICM (on the bottom). For each line: on the left, histogram of the

contracting time-scale for the clumps evolved; in the middle and on the right, respectively, histogram of the inner temperature and density (in log scale).

by rescaling the clump simulated in Galvagni et al. (2012) to fit the

mass and radius of the new clump:

ρ ′ = ρ0

M ′

M0

( r0

r ′

)3

(2)

T ′ = T0

M ′

M0

r0

r ′
(3)

with r0, M0, ρ0 and T0 the radius, mass, inner density and temper-

ature of the clump in Galvagni et al. (2012) and r′, M′, ρ ′ and T′

values for the random generated clump. The first rescaling comes

from the definition of density. The second rescaling comes from as-

suming that the ratio between gravitational and thermal energy stays

constant between different clumps. Fig. 2 presents the distribution

of contracting time-scales, initial inner temperature and density for

the two set of clumps generated in this work (IC and ICM).

The derived collapsing time-scale depends on the initial rotational

status of the clump, and how it redistributes the internal angular mo-

mentum. Nevertheless, we can assume that the derived collapsing

time-scales are a safe overestimate. Indeed, the initial ratio between

rotational and gravitational energy is T/|W| = 0.15 for the reference

clump in Galvagni et al. (2012), but quickly gets to higher values

during the first collapsing phase. Therefore, if the initial value were

lower, it would mean that the clump is a very slow rotator, and

the collapsing time-scale would decrease. On the other hand, if the

initial value of T/|W| were larger, the strong rotational component

would lead to the formation of a bar instability, which is a very

effective structure for angular momentum redistribution. Therefore,

the angular momentum of the inner part of the clump would be

transferred outwards, leading also in this case to a decrease of the

collapsing time-scale.

Once the clump forms in the outer part of a disc, it starts migrating

due to the interaction with the disc. The migration characteristics

are strictly related to the local disc properties; it is usually in-

wards, although it could be outwards in some particular cases (Bate,

Bonnell & Bromm 2003; Nayakshin & Lodato 2012). In this work,

we assume that the migration is inwards, following the result pre-

sented in Baruteau et al. (2011). Equation (4) describes the migration

time-scale for a clump in a similar mass and radius range as the one

we study:

τ = Torb5.6(3.8 − σ )−1γQ
( q

h3

)−1
(

h

0.1

)−2

(4)

with σ = 1.3 power of the density surface of the disc, γ = 5/3

adiabatic index, Q local Toomre parameter, calculated from the disc

profile, q ratio between clump and star mass, h disc aspect ratio.

The inwards migration is stopped when the clump reaches 0.01 au,

as at that distance the magneto field coming from the star prevents it

from migrating even further in. The value for the inner disc edge of

0.01 au is chosen in the typical range for magnetospheric boundaries

(Armitage 2010). Assuming that the clump stops when it reaches

this value is a simplification, as mass accretion on to the star through

the magnetic field lines is still possible in principle. Nevertheless,

we assume that this process does not significantly affect the clump

mass, as the Alfvén velocity associated with a typical T Tauri star

magnetic field of 1 kG (Armitage 2010) is 3 orders of magnitudes

lower than the escape velocity from the clump itself. We also impose

a zero mass accretion on to the clump once it has reached the inner

disc edge, in order to take into account the presence of competitive

mass accretion on to the star through the magnetic field lines. As at

the state of the art there is no precise knowledge of how this process

happens, and therefore a correct treatment of it is out of the reach,

the authors feel that our treatment is a reasonable simplification of

the process. The migration time-scale has been derived for clumps

whose mass is in the range q = 10−4 to 5 × 10−3. According to the

stellar mass value used in our simulations, these values correspond

to a clump mass in the range Mcl = 0.1MJ − 5MJ. This does not

mean that for values outside this range the migration formula does

not apply, but that it has not been tested. In our semi-analytical

model, this mass range covers the majority of the studied clumps.

Indeed, those whose mass is reduced to a value lower than 0.1MJ

by tidal stripping do not survive the stripping phase. As this phase
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2914 M. Galvagni and L. Mayer

is fast compared to migration time-scales (102 yr), a modification

in the migration formula would not play any role in the final result.

For clumps whose mass is higher than 5MJ, on the other hand, we

still assume formula 4 as we do not identify any physical reason

why it should not hold in this regime as well, despite not having

been directly tested.

The contracting and migration time-scales are both of the order

of 104 years. This means they have comparable values and therefore

we need to follow the evolution of each clump in the disc in order

to predict its fate.

2.3 Tidal disruption

As the clump moves inward, its outer edges feel the tidal forces of

the host star. If the clump approaches the star faster than the clump

can contract, its outer part will be tidally stripped. The distance at

which this happens is usually assumed to be the distance at which

Hill radius Rh = a × (Mcl/(3Mstar))
1/3 and clump radius are equal.

We assume that the outer part of the clump is disrupted when its

radius equals one third of the Hill radius. This factor of 1/3 arises

when it is taken into account the rotation of the clump, which makes

it more prone to be disrupted. Boley A. C. and T. Hayfield (private

communication), indeed, show that a typical clump formed in GI

simulations is a fast rotator, and that the rotation affects how tightly

bound it is by this factor. A similar factor has been found in the

work of Zhu et al. (2012), where the clumps’ radii are close to half

the Hill radii. We choose to follow the factor 1/3 as it arises from

3D simulations, while the second study has been performed with

2D simulations.

When tidal disruption strips away the outer part of the clump, its

mass is reduced accordingly. This makes the clump smaller, which

leads to a larger migration time-scale (see equation 4). The clump

then slows down, so that it can have enough time to contract and to

get out from the tidal-interaction disruption region. The clump then

can survive a tidally downsizing phase.

2.4 Mass accretion

While the clump moves in the disc, it can accrete mass from the

disc itself. In this work the mass accretion rate is calculated starting

from equation (17) in Boley et al. (2010). In the latter, nevertheless,

the clump is in the outer part of the disc, so that when this formula is

used in the inner region, where the disc gas density is larger by orders

of magnitude, it leads to unphysically large mass accretion rates.

In order to fix this, we assume that for every order of magnitude

increase in �, the mass accretion rate increments only of a factor of

3, as it has been described in Shabram & Boley (2013). The formula

for mass accretion rate then becomes:

Ṁ = 1 × 10−7 × 3log[�/�100]

(

Mcl

MJ

)2/3 (

Mstar

M⊙

)−1/6

M⊙yr−1

(5)

with �100 surface density at a = 100 au. While the clump accretes

mass, it radiates away the extra gravitational energy that comes

from this accretion. If the time-scale for the accretion is lower

than the time-scale to radiate this energy away, then the accretion

gets stopped from a radiation pressure coming from the clump

itself. The time-scale over which the radiation happens is called

the Kelvin–Helmotz time-scale, and can be evaluated as the ratio

between the gravitational potential and the luminosity of the clump.

If it is assumed that the clump radiates as a blackbody, the Kelvin–

Helmotz time-scale is then

TKH =
U

L
=

GM2
cl

4πσSBT 4r3
(6)

with σ SB Stephan–Boltzmann constant and T mean temperature

of the clump. If this time-scale is longer than the accretion time-

scale TM = Mcl/Ṁ , the mass accretion is stopped from the radiation

pressure, and the mass accretion has an upper limit equal to Ṁmax =

Mcl/TKH. When the clump is at 0.01 au from the star, the mass

accretion is zero, as at that location the disc has been cleared from

the magnetic field of the star (Koenigl 1991). Moreover, we assume

that, even if the inner disc has not been completely cleared by

the presence of gas, the competing accretion from the hosting star

through its magnetic filed lines, that in this region are by definition

strong, will make the accretion on to the clump negligible. On the

other hand, as the clump radius is smaller than a third of the Hill

radius, we assume that it will be able to resist disruption by the

star.

We compare the mass accretion rates found using these crite-

ria with those presented by Nayakshin & Cha (2013), where the

back reaction of clumps on to the disc due to hydrodynamics feed-

back is analysed. We find that the accretion rates are similar, as

would be expected as the formulas we are using have been de-

rived from simulations where gas cooling and radiative feedback are

implemented.

When the clump accretes mass, its gravitational energy increases

as well. In order to keep constant the ratio between gravitational

and thermal energies, the clump radius increases accordingly. We

can assume that this process happens isothermally by comparing

the accretion and cooling luminosities. The accretion luminosity

is given by Lacc = GMṀ/R, and has typical values of the order

of 1030 erg s−1. The cooling luminosity can be evaluated as the

blackbody luminosity emitted by the clump Lcool = 4πr2σSBT 4
ps

where Tps = 2.7 × 105(vff/100) K is the post-shock temperature

and vff gas free fall velocity in km s−1. Typical values of the cooling

luminosity are in the range 1041 erg s−1. Such a large value of

the Lcool compared to Lacc leads to a very quick loss of the heat

generated by the accretion shock. As the clump temperature stays

constant during this process, the radius rescales with the following

rule:

r ′ = r + δr = r

(

1 +
δM

Mcl

)

(7)

2.5 Gap opening

While the clump is migrating in the disc, it can open a gap if it is

massive enough that the gravitational torques that it exert on the

disc overcomes the local torque given from the disc viscosity ν.

In this work we adopt the gap opening criteria presented in Crida,

Morbidelli & Masset (2006) and Kley & Nelson (2012):

3

4

H (a)

Rh

+
50

qℜ
≤ 1 (8)

with H(a) local disc scale height from vertical hydrostatic equilib-

rium condition H(a) = cs × a/vK (vK local Keplerian velocity) and

ℜ = a2�2/ν = (a2�)/(αH(a)2) Reynolds number (ω Keplerian an-

gular velocity at a, α viscosity parameter). Although this result has

been obtained for viscous discs, we adopt it also in a self-gravitating

disc case.
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Early evolution of clumps 2915

Table 2. Survival probability without tidal interaction (TD), survival probability after tidal interaction, disruption and

gap-opening probability for the clumps in the eight different sets of simulation.

Set IC ICM

Surv TD Disr Gap open. Surv TD disr Gap open.

A 4 per cent 53 per cent 43 per cent - 0 per cent 10 per cent 90 per cent -

B 0 per cent 57 per cent 43 per cent - 0 per cent 30 per cent 70 per cent -

C 6 per cent 51 per cent 44 per cent 5 per cent 16 per cent 72 per cent 12 per cent 79 per cent

C m0 6 per cent 51 per cent 44 per cent 5 per cent 16 per cent 72 per cent 12 per cent 79 per cent

When a gap is opened, the migration time-scale becomes similar

to the local viscous diffusion time-scale (Lin & Papaloizou 1986):

τvis =
a2

ν
(9)

For a typical case of gap opening at 50 au, the local viscous diffusion

time-scale is between 105 and 106 yr, depending on the assumed

viscosity value.

The mass accretion on to the clump is affected as well from the

gap opening process. The local � decreases by a factor of 10 (cf.

fig. 1 in Crida et al. 2006). We therefore assume that the mass

accretion is the same you would have if the clump were embedded

in a disc with this lower density surface. This is not completely

correct, though, as it assumes that mass accretion would proceed

in the same way even though the clump is not actually embedded

in the disc gas now. Therefore, we run a second set of simulations,

where mass accretion is completely stopped when the gap is opened.

These two extreme cases give a lower and a higher limit on the final

mass of the clump.

3 R ESU LTS

We create a set of 1000 clumps built with IC and 1000 clumps built

with ICM and evolve each of them in four different scenarios: A,

B, C and C_m0. Clumps collapse, migration and tidal disruption

are implemented in all these four configurations. The other physical

mechanisms are implemented in different ways between the sets, in

order to separate the effects of each of them on the clump evolution.

Table 1 highlights the differences between the scenarios.

As there is no general consensus in the community about the value

for the viscosity parameter α, Scenario C is run for two different

spatially and temporally uniform values: α = 0.05 and α = 0.005. A

constant α disc is a common assumption, although this hypothesis is

known to be an approximation, as a more realistic disc would have

α varying as a function of both semimajor axis and time. The values

we assume in this work are inside a range that is considered to be re-

alistic range from simulations and model studies. Indeed, the results

of circumstellar evolution models presented in Vorobyov & Basu

(2009a,b) show that values of α ≥ 0.1 lead to the destruction of the

disc in less than 1 Myr, incompatible with the observational data.

Moreover, they show that values of α ≥ 0.01 manage to reproduce

the mass accretion rate of gas on to young discs but decrease the

chances to have GI. The work of Lodato & Rice (2004) shows that

when the disc fragments, α = 0.05. We expect the value of α in the

disc region inside the fragmenting region to be lower than this, as

otherwise the disc would have experienced fragmentation at lower

semimajor axis. Therefore, we take this value as an upper limit.

Smaller values of α have been derived in turbulence generation

studies; see the study Nelson & Papaloizou (2004), for example,

where turbulence is generated via ideal MHD, and gives a value

α = 7 × 10−3. Out choice α = 0.05 and α = 0.005 is therefore

meant to explore all the range of possibilities. In the first case, the

clumps are never able to open a gap; therefore the results from

simulations C with α = 0.05 are the same as simulation B, and

they are not shown. In the second implementation (α = 0.005),

mass accretion on to the clump when the gap opening criteria

are fulfilled is implemented in the two limiting cases described

in Section 2.5. See Table 1 for the details of the sets of simulations

performed.

Table 2 shows the probabilities for the different outcomes of the

clump evolution in the simulations sets: clump survival without

undergoing tidal disruption, clump survival after being affected by

tidal downsizing and clump disruption. It is also shown the proba-

bility of gap opening in Scenario C. Figs 3–5 show the distribution

of final mass, radius and semimajor axis for the survived clumps.

Fig. 6 shows mass, radius and semimajor axis position of the clumps

that are able to open a gap in Scenario C. Fig. 7 shows the evolution

of two clumps (one from the set IC, and one from ICM) in the four

different scenarios. The latter figure stresses on how the inclusion

of the gap opening criteria, in the case of a low viscous disc, is the

physical mechanism that dominates the final outcome of the clump

evolution. It is remarkable that in Fig. 7 the same clump can either

survive or be disrupted depending on whether or not there is gap

opening.

We run the models until the protoplanet has reached the second

collapse phase, so this is the time that we indicate as ‘final’ from now

on. From that point onwards the clump will collapse dynamically

to a very small size, becoming virtually insensitive to tidal effects,

but can in principle continue to accrete mass and will continue to

migrate. However, to date there are no 3D numerical simulations

exploring this late phase of the protoplanetary collapse and with

enough resolution to resolve the clump collapse and the interaction

with the disc and the hosting star at the same time. Therefore, it is not

possible to construct a simple model. Furthermore, disc evolution,

driven by accretion on to the star and irradiation/photoevaporation,

should be accounted if we had to probe longer time-scales. There-

fore we decided to postpone the study of the late phase to a future

work. However, in the Discussion session we comment on the results

of trial runs in which we have continued to evolve the protoplanets

while neglecting disc evolution.

The survival rate is larger than 50 per cent in all cases. Survival

of clumps without undergoing tidal downsizing is rare, and happens

mainly when the gap opening is implemented. In this case, more-

over, the surviving probability becomes larger, reaching 90 per cent

in the case with massive initial conditions.

The final mass distribution depends on both the initial conditions

chosen and the number of mechanisms that we have taken into ac-

count. When the gap opening is not implemented, indeed (Scenario

A and B) only small clumps manage to survive, as the larger ones

have migration time-scales very short and get disrupted. Clumps

have masses up to 3MJ (with a typical value of 1.5MJ) for the ini-

tial condition IC and 5MJ (with typical value of 3MJ) for initial
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2916 M. Galvagni and L. Mayer

Figure 3. Final mass. Histograms of the final mass distribution for surviving clumps (in MJ units). From left to right: Scenarios A, B, C and C_m0. In black,

clumps that survive after tidal downsizing. In grey, clumps that never undergo tidal downsizing.

Figure 4. Final radius. Histograms of the final radius distribution for surviving clumps (in RJ units). From left to right: Scenarios A, B, C and C_m0. In black,

clumps that survive after tidal downsizing. In grey, clumps that never undergo tidal downsizing.

condition ICM (with a few exceptions). Once the gap opening is

added, though, even more massive clumps can survive. Indeed, gap

opening is more luckily to happen for massive clumps, and once the

gap has been open the clump will be able to survive. This leads to a

mass distribution spread up to 15MJ in the case with initial condition

ICM, when the probability of a clump opening a gap is quite high

(see Table 2). Once the gap has been open, mass accretion is still

possible in Scenario C, while it has been stopped in scenario C_m0.

These two different implementations do not significantly affect the

final mass of the clumps, as the gap is opened in the external part

of the disc, where anyway mass accretion on to the clump is not

significant.

The final distribution of the clump radius shows that only clumps

that are able to collapse to very small objects can survive. Moreover,

more massive clumps (ICM) need to collapse more than the lighter

ones (IC) to survive, as their Hill radius is shorter. The inclusion of

gap opening prevents the disruption of some of the large clumps, by

preventing them from getting too close to the star. The final radius

distribution shows that the typical final radius is of the order of tens

of Jupiter radii, with the largest values found for those clumps which

are able to open a gap, therefore never experiencing tidal disruption,

and can be has high as 104RJ. This result is consistent with what has

been observed in Helled & Bodenheimer (2011): in this work only

clumps in isolation were studied, which are comparable to our case

of clumps that open a gap. The final radius that has been found is of

the order of 103–104RJ also in their work. This is a non-surprising

result, as SCC and the successive slow contraction still have to

happen, and those processes are supposed to reduce the radius by

an order of magnitudes.

The final semimajor axis distribution shows that survived clumps

tend to sit very close to the star: almost all of them, indeed, have

a final semimajor axis inside 1 au from the star. When the initial

clump is lighter (IC) it can sit also at larger distances (up to 75 au),

while massive clumps always get very close to the star. This is

due to the very short migration time-scale for massive clumps. The

inclusion of gap opening helps the massive clumps to be retained at

larger distances, between 25 and 75 au. Still, a significant fraction

of the survived clumps (15 per cent) sits in a very inner orbit.
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Early evolution of clumps 2917

Figure 5. Final semimajor axis. Histograms of the final semimajor axis distribution for surviving clumps (in au units). From left to right: Scenarios A, B, C

and C_m0. In black, clumps that survive after tidal downsizing. In grey, clumps that never undergo tidal downsizing.

Figure 6. Gap opening. Histograms of (from left to right) the mass (in MJ units), semimajor axis (in au units) and clump radius (in RJ units) for the clumps

when they open a gap in the disc in Scenario C with α = 0.005. Top: initial condition IC. Bottom: initial condition ICM.

Fig. 6 shows the mass, radius and semimajor axis of the clumps

when they open a gap in Scenario C for both the sets of initial

conditions. The clumps that are able to open a gap are the more

massive ones. The semimajor axis is between 25 an 70 au, making

it possibly the formation of proto giant planets at those distances

from the star.

4 D ISCUSSION

The results presented in this work represent a first step towards

a more detailed model of the formation and evolution of clumps

via GI. Despite the simple physics implemented, we can already

conclude that GI appears to be a likely mechanism to form gas

giant planets. From the results presented, indeed, it is possible to

extrapolate some general behaviour:

(i) the survival rate for the light clumps is never lower then

50 per cent. In the case with massive initial conditions, the sur-

vival rate is very low (the minimum being 10 per cent) as long as

gap opening is not taken into account. Once this is implemented,

indeed, survival rates are even higher than in the low-mass case, as

a more massive clump is more prone to open a gap and therefore

 at U
n
iv

ersitaet Z
u
erich

 o
n
 A

u
g
u
st 1

3
, 2

0
1
4

h
ttp

://m
n
ras.o

x
fo

rd
jo

u
rn

als.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



2918 M. Galvagni and L. Mayer

Figure 7. Clump evolution. Evolution of the clump mass as a function of semimajor axis. Left: one clump from the initial condition set IC; right: one clump

from the initial condition set ICM. The lines represent Scenario A (solid grey line), Scenario B (dashed grey line) and Scenario C with α = 0.005 with (dashed

black line) and without (dashed black line) mass accretion during gap opening. Units are in Jupiter masses and au.

survive (up to 88 per cent of surviving rate). This means that the

probability of a clump formed via GI to become a proto-gas giant

planet is quite high. The semi-major axis and mass distribution of

the surviving clumps show that these proto-planets are in the posi-

tion and have the right mass to be considered in most of the cases

the progenitors of Hot Jupiters.

(ii) The inclusion of gap opening affects the final fate of clumps

only if the disc viscosity is low, α = 0.005. Larger values, α = 0.05,

indeed, do not affect the clump evolution. If this is the case, we

observe that the gap is always opened between 25 and 70 au. Once

the gap is opened, the clump migrates on a viscous time-scale.

Moreover, gap opening is easier for massive clumps, which are

those more subject to being tidally destroyed. Combining these two

factors together, the net result of including gap opening in a low-

viscosity disc is to create a population of survived clumps with high

masses and further out in the disc.

(iii) The simpler Scenario A for light clumps and the gap opening

scenarios (for both initial conditions) show that there is a (small)

population of clumps which survives without ever undergoing a

phase of tidal disruption. In the first case this happens as light

clumps have large migration time-scales, so they are able to reach

SCC before they get close to the star, while in the second case

the gap prevents some clumps from getting in the inner part of the

disc.

(iv) None of the clumps undergoes tidal downsizing twice. If

they survive the first downsizing, they will become small enough to

have the contraction time-scale winning over the migration one.

The study presented in this paper aims at giving good physically

motivated estimates for the evolution of clumps formed via GI,

using the latest results from simulations and other works. Despite

this, in most cases we had to include only a first order approx-

imation of the physical mechanisms involved, partially for sim-

plicity and partially because a complete description of some of

those mechanisms is still missing. As an example, the herein de-

rived contracting time-scales are supposed to be better estimates

compared to the ones currently available, which derive from 1D

collapses (Helled, Podolak & Kovetz 2006; Forgan & Rice 2013b).

Once 3D asymmetries and angular momentum transport inside the

clump itself is taken into account, indeed, the contraction is quicker

than usually calculated. Nevertheless, improvements on those es-

timates are expected through a more detailed description of the

physics involved in the collapsing phase. In particular, the inclu-

sion of flux limited diffusion in the cooling routine is a natural

improvement which is supposed to slow down the contraction. A

detailed study of the inclusion of this effect (Galvagni et al., in

preparation) nevertheless shows that this time increase is within

one order of magnitude; we can therefore use the currently avail-

able time-scale as a first approximation study. Moreover, there are

some physical mechanisms which have not been taken into account

and which could lead to a shortening of the contracting time-scale.

One case is the opacity evolution due to the chemical changes in the

dust composition during the collapse, which have been shown to

shorten the contracting time-scale (Helled & Bodenheimer 2011).

The contracting time-scale herein used can therefore be considered

conservative.

The description of tidal downsizing is done in a first order approx-

imation, neglecting effects due to the reaction of the clump to the

tidal field. Nevertheless, the use of Rh/3 instead of the more common

Rh as the maximum radius the clump can have before being tidally

disrupted should take care of these second order effects, leading our

work to confident results. A more precise study of the dependence

of the reducing factor of the Hill radius on the characteristics of

the clump and of the local disc is currently under investigation. A

more precise treatment of the tidal downsizing phase would impact

mainly the clump radius evolution. Indeed, taking into account the

heating which comes from the tides between the star and the clump

would increase the clump radius. The final radius distribution for

the survived clumps is therefore not completely trustable.

The clumps have been studied in isolation, as if each of them

formed alone in the disc from the fragmentation of spiral modes

induced from GI. From simulation studies (Boss 2011; Vorobyov

2013) and from the existence of multi-companion systems that could

have formed via GI (Marois et al. 2010), it appears that formation

of two or more clumps at the same time is not rare. The study of

the more massive set of initial condition ICM is meant to partially
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Early evolution of clumps 2919

cover this scenario. Despite this, our study neglects the clump–

clump interaction (in the same way as core–core interaction has

been neglected in CA synthesis population studies; Alibert et al.

2005; Mordasini et al. 2012), which could play a major role in

determining the final population of survived clumps. It is worth

noting, though, that in most simulations which show the formation

of only two clumps, the spiral fragments at the opposite extremes,

so that the reciprocal interaction of the clumps can be considered a

second order effect.

One other effect that has being neglected in our study is photo-

evaporation from the star on to the clumps (Nayakshin & Lodato

2012) once they reach the inner part of the disc. Moreover, the pos-

sibility that the presence of clumps at the inner edge of the disc can

lead to FU Ori outburst has been neglected as well (Armitage, Livio

& Pringle 2001; Zhu 2011). From our study, it appears that at that

stage clumps are already dense enough to be able to survive these

phenomena, at least partially; nevertheless a consistent investigation

of these effects needs to be included.

The inclusion of magnetic fields could also play a major role, as it

is known that MRI influences the disc viscosity and surface density

profile (Mohanty, Ercolano & Turner 2013), which dominate the

interaction between the clump and the disc. A detailed study of

the dependence of the clump evolution on the disc structure is still

needed.

The migration considered in this work is always inwards migra-

tion. Nevertheless, it is known (Bate et al. 2003; Baruteau et al.

2011) that migration of clumps is usually not smooth in one di-

rection, and could even be outwards. Nayakshin & Lodato (2012)

relate the migration time to the mass evolution of the clump, with

particular focus on the tidal downsizing phase. According to their

findings, it is possible to have outward migration driven by mass

loss. In the description given in this work of the tidal downsizing

process, though, the mass-loss rate is quite slow (of the order of a

few Jupiter masses per thousand years), so that the change in angu-

lar momentum due to this process is not able to significantly affect

the migration rate.

In this study, core formation has been completely neglected,

therefore we cannot make any quantitative prediction on the forma-

tion of rocky/icy planets through tidal downsizing. A comparison

between the time that it takes for the clumps evolved in this study

to be subjected to tidal downsizing and the temperature evolution

of the core given in Forgan & Rice (2013b) would show that, if

the cores that form at the centre of a clump were able to survive

the tidal downsizing phase, they would for the large part be in the

rocky state. Indeed, the inner temperature would have overcome

the critical value of 130 K far before tidal downsizing starts, due

to the fast collapsing time-scales assumed. A secondary effect of

these fast time-scales would be that the cores would be smaller than

usually calculated (Forgan & Rice 2013b), as they have less time

available to grow inside the pressure maxima of the clump.

In the recent work by Forgan & Rice (2013b) a population of

clumps formed via GI is followed with a semi-analytical model

for 106 years. The main result of this study is the formation of a

large population of Brown Dwarf objects at a large distance from

the central star (40–60 au). Despite the impossibility of a direct

comparison between this result and the analysis presented in this

paper, as we stop at SCC, it is possible to say that our results are not

consistent, as the survived clumps from our model are too small and

close-in in the disc to make it reasonable that future evolution can

lead to the same conclusion. This disagreement lies in the different

implementations of the physical mechanisms in the two models.

One major difference is the assumed mass and semimajor axis of

the IC. Forgan & Rice (2013b), indeed, assume as initial mass the

Toomre mass and an initial semimajor axis between 20 and 60 au,

while we have the initial mass decreased by one order of magnitude

from the Toomre value, following the 3D numerical results of Boley

et al. (2010), and a more distant initial semimajor axis. Moreover,

the contraction time-scale in Forgan & Rice (2013b) come from

analytical estimates, and it is larger by orders of magnitude than the

time-scale we use, which comes from high-resolution numerical

simulations. The last major difference between those two works is

that the gap opening criteria adopted are not the same, and as we

know gap opening plays an important role in the evolution of the

clumps. In particular, since the clumps from Forgan & Rice (2013b)

are more massive, they are much more efficient in opening gaps at

large distances, which may lower the tidal mass loss compared to

our simulations. This biases further the final mass distribution to

higher values.

Zhu et al. (2012) present the study of the evolution of a set of

clumps formed via GI until they encounter the inner disc boundary.

Despite the fact that the population of clumps that have been simu-

lated in this work is fewer to make statistics (less than 20), it is still

remarkable that the survival rate and the rate of clumps that open

a gas are comparable with our findings. The main differences are

that in the work of Zhu et al. (2012) those clumps have not been

followed in the very inner part of the disc, so we cannot make any

direct comparison with the clumps we observe surviving at 0.01 au

from the star. Moreover, the typical mass of clumps is larger than the

one observed in this work, close to the Brawn Dwarf range. This pe-

culiarity could be given by the fact that the simulations performed in

Zhu et al. (2012) are 2D simulations, and therefore they are not ideal

for following the formation of fragments in GI and their collapse,

as those processes are inherently 3D (Boley et al. 2010). Moreover,

Mayer & Gawryszczak (2008) show that the resolution needed in

grid codes, like the one used in the work Zhu et al. (2012), in order

to correctly simulate the fragmentation and collapsing processes

of the clumps, is larger than the one implemented in their work.

Using low resolution would, on one hand, prevent the formation of

small clumps, and on the other hand artificially stop the contraction,

leading to an overestimate of mass and radius of the typical clumps

which could explain the discrepancy between our results.

Finally, as we have explained above, we stop running our models

at the beginning of the phase of second core collapse, which starts

no later than 105 yr after the initial time. Therefore, strictly we only

make predictions for the properties of a population of protoplanetary

clumps in the pre-dissociation phase. While tidal effects will cease

to be important once the clump collapses dynamically to planetary

sizes and densities, migration and accretion can still be important.

We have run a subset of the clumps forward in time, finding that,

irrespective of whether or not they are allowed to open a gap, in about

a million years all the protoplanets end up at the inner boundary.

This is nothing else than the ‘fast migration’ problem encountered in

population-synthesis models for planets forming via core-accretion

(Alibert et al. 2005; Mordasini et al. 2012; Mordasini 2013).

Therefore, in disc instability, as well as in CA, one needs to

invoke a suppression of migration or some stochastic effects that

lead to a variable direction of migration, with some clumps moving

outwards rather than inwards. That the latter can happen is suggested

by numerical simulations of fragmenting discs indeed in which

multiple clumps form (Durisen et al. 2007; Boley et al. 2010; Boss

2011). Additionally, if the gas disc is rapidly dissipated, dynamical

scattering of protoplanets can lead to fast rearrangement of their

orbits, accompanied by mass segregation (Papaloizou & Terquem

2001).
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5 C O N C L U S I O N S

The study herein presented aims at understanding the fate of clumps

formed via GI in circumstellar discs. In order to do that, we stud-

ied the evolution of a set of clumps, one per time, coupling their

contraction with the interaction with the disc and the central star.

We performed four set of simulations, in order to add step-by-step

mass accretion and gap opening (for both a low and a high viscosity

disc).

Our results show that a large fraction of the clumps survives,

contrary to previous claims appeared in the literature (Zhu et al.

2012; Forgan & Rice 2013b).

The higher surviving fraction is due to the fast collapse time-

scales in the dissociation phase. Most importantly, such a fast col-

lapse time-scale is estimated for the first time based on the results

of 3D hydro-collapse simulations (Galvagni et al. 2012, Galvagni

et al., in preparation). Furthermore, most of the clumps formed via

GI could in principle be precursors of Hot Jupiters.

Taken on face-value, the chance that they are the progenitors of

massive gas giant planets at distances between 20 and 75 au from

the star is not negligible as well. However, a naive extension of our

models beyond the pre-dissociation phase would lead to the predic-

tion that all clumps have to become Hot Jupiters or be engulfed by

their host star since migration time-scales are always shorter than

1 Myr, no matter whether or not gap opening takes place. This re-

flects the same problem found in CA, namely that migration has to

be much slower or be somehow stochastic, with inward-directed mi-

gration being only one of the possibilities, in order to be consistent

with the wide range of semi-major axis found among the exoplanet

population. Alternatively, disc dissipation has to be faster than the

migration time so that protoplanets can stop migrating sooner and

undergo gravitational scattering that redistributes their orbits.

The physical mechanism that seems to play a major role in

shaping the properties of the population of clumps until the pre-

dissociation phase is gap opening. The efficiency of gap opening

is strongly tied with disc viscosity in turn. For a low-viscosity disc

the survival probability for the clumps get close to 50 per cent for

low-mass clumps and to 90 per cent for massive ones. In reality disc

viscosity will be spatial and time dependent, likely transitioning

from a high-viscosity state soon after fragmentation has taken place

(when the disc is still unstable and therefore gravitoturbulent) to a

lower viscosity state in which gap opening will be effective. Mod-

els incorporating disc evolution and a more realistic prescription for

viscosity will have to be investigated in the future.

In summary, our results show that GI can in principle produce

protoplanetary clumps that survive the first evolution phase, up to

SCC, when they are more prone to be disrupted. Therefore, those

objects could in principle become a large fraction of the population

of present-day gas giants, including Hot Jupiters, as much as CA.

An important caveat, however, is the gas–solid interaction, which

has been neglected in the present study. It is therefore not possible

to make a prediction of the actual structure of the planet, and a

clear connection with known planets and their measured density is

beyond the aim of this work.

A problem associated with excessively migration occurs here

as it does in CA. Indeed, while clumps form at much larger radii

than cores in the CA model, and hence have a larger distance to

cover before they reach the inner disc, they also have more time

to do so since GI is expected to happen early in disc evolution.

A possible mechanism to stop the inward migration, which has

been suggested also in CA studies, is photoevaporation of the disc

(Alexander & Pascucci 2012; Alexander 2013). Future studies will

have to elucidate the role of migration of clumps in long-term

simulations in order to construct a more realistic model for the

orbital evolution of clumps relative to what we have done here.
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